Prenatal nutrition, epigenetics and schizophrenia risk: can we test causal effects?
In light of the considerable interest in the potential role of epigenetic mechanisms in the developmental programming of adult diseases, including psychopathologies, we posit one possibility: prenatal nutrition influences the risk of offspring schizophrenia via epigenetic effects. Briefly, our article is organized as follows. First, we review the evidence which supports independent associations between prenatal nutrition, epigenetic outcomes and schizo phrenia. Second, we consider possible bio logical pathways through which maternal prenatal nutrition might influence schizophrenia risk in offspring via epigenetic effects, focusing upon one-carbon metabolism as an examplar. Finally, we suggest a testable hypothesis pertaining to the role of folate in this pathway and outline viable approaches for test the component parts of the proposed causal pathway leading from prenatal nutritional exposure to schizophrenia (Figure 1) .
It is important to bear in mind that both genetic and epigenetic factors are likely to contribute to the development of schizophrenia spectrum disorders. We know that a degree of genetic liability exists given that the concordance rates amongst monozygotic twins approaches 50% [1] . Furthermore, genome-wide association studies have identified several genetic polymorphisms that are associated with modest, but significant increases in risk [2] , and metaanalyses have confirmed candidate gene study associations, such as in the case of the MTHFR gene [3, 4] . Such polymorphisms may collectively account for a substantial proportion of genetic liability for psychosis [5] . Rare copy number variants and other genetic mutations, such as 22q11 deletion syndrome, are also strongly associated with schizophrenia risk [6] . However, given that concordance rates amongst monozygotic twins are not 100%, other processes must be involved, and probably involve epigenetic mechanisms [7] . Thus, in addition to genetic liability, exposure to adverse early nutritional environments or social stressors over the life course, or stochastic epigenetic variation, may all influence whether an individual develops schizophrenia [8, 9] .
Epigenetic processes include various mechanisms that influence chromatin structure and gene expression, such as DNA methylation, histone modifications, chromatin remodeling and the incorporation of specialized histone variants [10] . Under broader definitions, epigenetic mechanisms also include activities of ncRNAs and other regulatory mechanisms. Within the broad scope of epigenetics, we limit attention to DNA methylation, which involves the addition of a methyl group to cytosine nucleotides. Usually (although not always), transcription is impeded in the presence of methylated cytosine residues located in gene promoter regions, and gene expression is reduced. Furthermore, changes in DNA methylation can lead to long-lasting We posit that maternal prenatal nutrition can influence offspring schizophrenia risk via epigenetic effects. In this article, we consider evidence that prenatal nutrition is linked to epigenetic outcomes in offspring and schizophrenia in offspring, and that schizophrenia is associated with epigenetic changes. We focus upon one-carbon metabolism as a mediator of the pathway between perturbed prenatal nutrition and the subsequent risk of schizophrenia. Although post-mortem human studies demonstrate DNA methylation changes in brains of people with schizophrenia, such studies cannot establish causality. We suggest a testable hypothesis that utilizes a novel two-step Mendelian randomization approach, to test the component parts of the proposed causal pathway leading from prenatal nutritional exposure to schizophrenia. Applied here to a specific example, such an approach is applicable for wider use to strengthen causal inference of the mediating role of epigenetic factors linking exposures to health outcomes in population-based studies.
future science group effects on gene expression and phenotype, while some other epigenetic changes tend to be more transient in nature. Finally, DNA methylation is dependent on one-carbon metabolism (Figure 2 ) which requires essential micronutrients such as folate and vitamin B 12 .
Evidence linking maternal prenatal nutrition, DNA methylation & schizophrenia n Prenatal nutrition & DNA methylation in offspring In animals, it is well established that nutritional exposures during pregnancy can have effects on the epigenome of offspring [11] [12] [13] [14] [15] . The laboratory Agouti mouse model is the classic, widely cited exemplar [11, 13, 16] . It has been shown that when pregnant dams were given supplements comprising methyl donors (e.g., folate, betaine and methionine) this resulted in increased DNA methylation in the embryos at the A vy allele, with offspring coat colors, on average, shifted from the yellow phenotype towards brown or 'pseudoagouti' [11, 12] phenotype. The yellow coat phenotype in A vy mice is associated with other phenotypic changes, such as overeating, obesity, diabetes, tumorigenesis and reduced long evity [16] [17] [18] . The supplements given to pregnant dams, which increase DNA methylation in the embryos, also tend to shift these other phenotypes in a probabilistic manner in offspring back toward pseudoagouti [12, 19] .
Subsequent studies of the Agouti mouse model provided further evidence that prenatal exposures can change the epigenome of the offspring. An intriguing example is a study of 'folate rescue' after prenatal exposure to bisphenol A [20] . This study showed that exposure to bisphenol A led to hypomethylation of the A vy allele and shifted offspring coat color toward yellow. These effects were counteracted by gestational folate supplementation, further suggesting that maternal folate exposure can increase DNA methylation levels in the embryo.
These landmark studies of the Agouti mouse have more recently been complemented by a wider literature of prenatal nutritional intervention studies (including undernutrition, macronutrient deficiency, micronutrient deficiency and overnutrition) in animal models, which provide unequivocal evidence that maternal nutrition marks the fetal epigenome [21, 22] . These studies have demonstrated not only a shift in mean methylation of specific loci in response to nutritional manipulation during pregnancy, but an increase in variance in DNA methylation [22] .
Several studies in humans now suggest that prenatal nutritional exposures can influence DNA methylation in offspring, although the evidence is considerably more scant than that provided by animal studies. A study based on the Dutch Hunger Winter of 1944-1945 reported on the offspring of nutritionally compromised women around the peak of famine close to the time of conception [23] . At approximately 60 years old, these offspring exhibited less methylation of the IGF2 locus in whole-blood samples than offspring of women who were unexposed or exposed later in gestation. IGF2 is an imprinted gene that plays a crucial role in early development, and continues to play a role in cognitive and other brain processes over the life course [24] . If genuine, it suggests that periconceptional maternal famine exposure can have a lasting effect on offspring DNA methyl ation over the life course. More recent ana lysis of global methyl ation patterns in this cohort have, however, demonstrated no discernible difference in global DNA methylation patterns between offspring of exposed and unexposed mothers [25] , perhaps highlighting the complexity and potentially target-specific nature of prenatal exposures upon the fetal epigenome. Finally, a recent study in Gambia has suggested DNA methylation patterns in F1 offspring differ, depending on season of conception, in a context where diet varies greatly according to season [26] . Much of the human literature in this area has focused upon the influence of folate nutrition in the prenatal period and the role it may have in altering epigenetic patterns in the developing fetus. This issue is discussed in more detail in later sections, but is based upon the premise that folate specifically, and one-carbon metabolism more broadly, fuels the addition of methyl groups to DNA (Figure 2 ). Hence, a direct biological link between folate status during pregnancy and the fetal epigenome provide a logical and biologically plausible framework for investigation. Folate supplementation is associated with substantial shifts in DNA methylation patterns in circulating peripheral blood in women of reproductive age [27] and other adult populations [28, 29] . Studies of DNA methylation in offspring following prenatal folic acid supplementation in pregnant women, however, have shown conflicting findings; Steegers-Theunissen et al. reported that offspring of women who took supplements in the periconceptional period had higher IGF2 methylation [30] , but in a separate study folic acid use in pregnancy was shown to have no influence on IGF2 methylation, despite an association with hypomethylation of the H19 locus in cord-blood DNA [31] . More recently, Cooper et al. reported that DNA methylation profiling of offspring following periconceptional micronutrient supplementation (including folate) indicated shifts in methylation of the IGF2R and GTL2-2 loci, but not at IGF2 [32] . Our own data corroborates these findings; maternal folate status in pregnancy appears to correlate with infant DNA methylation at some loci, but not others One-carbon metabolism is critical for sustaining many normal cellular functions, including DNA methylation to facilitate normal cell division, growth and differentiation. In this regard, adequate micronutrient availability, including the availability of folate, either through diet or as folic acid supplementation, may be particularly important at certain stages of the life course, particularly prenatally, when the body is undergoing rapid cell division and growth. Technical detail: in one-carbon metabolism, folate from the diet or folic acid supplements are metabolized to DHF via a reductase enzyme in the liver and converted to a series of THF compounds. At both these stages vitamin B 3 is a necessary cofactor. Via the addition of a carbon donor (serine or glycine) THF forms 5,10 MTHF, the methylated substrate used by the enzyme MTHFR to produce 5-MTHF, where vitamin B 2 is a necessary cofactor. 5-MTHF is used in the reaction to recycle homocysteine to methionine, via single-carbon donation as a result of the interaction between vitamin B 12 , a necessary cofactor, and MS. Here, choline is synthesized to betaine to facilitate methyl donation to convert homocysteine to methionine via a BMHT. Methylation reactions, including DNA methylation, are then facilitated by the conversion of methionine to SAM, the key methyl donor involved in methylation, via interaction with MAT. Unused methionine in the form of (an inhibitor of DNMTs) is hydrolyzed back to homocysteine via an enyzmatic reaction with SAHH. 5,10 MTHF: 5,10-methylenetetrahydrofolate; 5-MTHF: 5-methyltetrahydrfolic acid; BMHT: Betaine-homocysteine methyltransferase; DHF: Dihydrofolate; DNMT: DNA methyltransferase; MS: Methionine synthase; THF: Tetrahydrofolate.
future science group n Prenatal nutrition & schizophrenia in offspring The strongest evidence relating maternal prenatal nutrition to schizophrenia in offspring derives from a series of studies based on exposure to severe famine [33] [34] [35] [36] . The first such studies were based on the Dutch Hunger Winter, which began with a Nazi blockade of occupied western Holland in October 1944, ending abruptly following liberation in early May 1945. Over the course of the Hunger Winter, famine progressed from mild to severe as food supplies ran out and individuals were nutritionally compromised. In March and April 1945, famine peaked, reflected in a low fertility rate and a high death rate owing to starvation. The famine was more severe in urban populations compared with rural populations because of more restricted food access in towns and cities. A series of studies with concordant results have linked maternal periconceptional exposure at the famine's peak with increased risk of three neurodevelopmental outcomes in offspring: neural tube defects (NTDs) [36, 37] ; schizoid diagnoses at age 18 (males only, at military induction) [38] ; and hospitalization for schizophrenia in adulthood [34] . Since the timing of exposure had to be inferred from date of birth, the concordant increase in NTDs is informative here because it is reasonable to infer that this outcome reflected folate deficiency during approximately -4 to +4 weeks gestation (the neural tube closes at 4 weeks).
The second series of studies were based on the Chinese famine that followed the Great Leap Forward. In contrast to the Dutch Hunger Winter, the Chinese famine was much more severe in rural areas, owing to government policies on food distribution. Since the famine was of extended duration, and data were available only for birth year, the Chinese studies cannot precisely define time of exposure. Instead, peri conceptional exposure to severe famine is assessed by birth year, where the most severe famine took place in years characterized by sharp reductions in fertility, evidenced by decreased birth rates approximately 10 months later. Two independent studies broadly replicated the findings of the Dutch studies [33, 35] . We note here that: the Chinese studies were much larger than the Dutch studies; the results of the two studies in very different regions of China were entirely concordant with the results from the Dutch studies; and one of the Chinese studies included both rural and urban areas, and (as predicted) found this result in the more-exposed rural but not the less-exposed urban area.
A further strand of evidence linking prenatal nutritional status and schizophrenia risk is provided by, an albeit limited, literature reporting a link between short interpregnancy interval and elevated risk of schizophrenia in offspring [39] . Short interpregnancy interval is associated with maternal nutrient depletion, commonly linked to reduced folate status.
There are many other reports suggesting plausible links between prenatal nutrition and schizophrenia. These include studies of specific micronutrients, such as vitamin D [40, 41] , the role of homocysteine [42] and studies of candidate genes for psychosis also involved in one-carbon metabolism, such as MTHFR [2, 43] . Thus far, however, none of the other findings for schizophrenia have the strength and consistency of the famine findings. In addition, here is indirect evidence from studies linking prenatal nutrition to neuro developmental outcomes that can be ante cedents of schizophrenia, including poorer cognitive function [44] and language delay in offspring [45] .
n DNA methylation & schizophrenia Post-mortem human studies provide evidence that schizophrenia is associated with epigenetic dysregulation in the brain [46] [47] [48] . The strongest evidence pertains to alterations in DNA methyl ation reported in the regulatory regions of several genes of potential relevance to schizophrenia [49] [50] [51] [52] . In addition, a genome-wide study examined frontal cortices of psychotic patients and control subjects, and found differential DNA methyl ation patterns for genes involved in glutamat ergic and GABAergic neurotransmission, and in brain development [53] . In most studies, DNA methyl ation changes were inversely correlated with changes in gene expression. This is consistent with the hypothesis that epigenetic alterations affect brain function via changes in mRNA and protein abundance in specific neuronal or glial cell types.
Here we focus on post-mortem human brain studies of the Reelin gene. Reelin is a critical protein involved in neuronal migration and positioning during neuro development. Furthermore, Reelin continues to be expressed in adult GABAergic neurons, playing a role in synaptic plasticity and memory formation [54] . Reduction of Reelin mRNA in certain brain regions was reported in some of the earliest post-mortem studies of mRNA in schizophrenia [55] [56] [57] . Although negative results have also been reported [58] , the downregulation of Reelin expression continues to be one of the most consistent findings in this future science group Prenatal nutrition, epigenetics & schizophrenia PersPective disorder [59] [60] [61] . Importantly, in humans, genetic variation in the Reelin gene has not been associated with changes in mRNA expression emphasizing the potential role of epigenetic factors in gene regulation [62, 63] . The initial reports did not, however, connect reduced Reelin mRNA levels in the brains of schizophrenic patients to variation in DNA methylation [60, 61] .
The first evidence that the Reelin gene is regulated through DNA methylation-dependent mechanisms came from in vitro studies with the human neuronal progenitor NT2 cell line [64] . These studies showed that the Reelin promoter is silenced by DNA methylation [64] , and could be activated by the agents that induce demethyl ation of this region [64, 65] . It was then hypo thesized that the reduced expression of the Reelin gene in schizophrenia may be due to increased methylation of its transcriptionally relevant promoter region [54] . Two [52, 66] of the three [52, 66, 67] studies testing this hypothesis found evidence in support of it. Further post-mortem studies suggested a possible mechanism by which the Reelin gene may be hypermethylated in schizophrenia. DNMT1 was upregulated in cortical GABAergic neurons of individuals with schizophrenia [68, 69] . Reelin and DNMT1 colocalize in the same GABAergic neurons. Thus, reduced mRNA levels of Reelin may be due to up regulated DNMT1 activity, which in turn increases promoter methylation [70] .
In addition, Reelin is of special interest because some animal models indicate that prenatal nutrition may influence Reelin expression in the brain. For example, in a study of rats, maternal dietary deficiency of methyl donors during pregnancy was associated with reduced Reelin expression in the brain tissue of adult offspring [71] . The mechanisms by which this might occur, however, are still not understood; this study did not detect differences in DNA methylation that might mediate an effect on Reelin expression.
The findings on Reelin illustrate both strengths and remaining gaps in studies of DNA methylation and schizophrenia. Overall, current research strongly supports the view that schizophrenia is associated with changes in DNA methylation in the brain. Post-mortem studies, however, are limited in their capacity to establish the direction of causality. We propose strategies to address this issue in the section entitled 'establishing the causal role of epigenetic factors as mediators of the influence of prenatal nutrition on schizophrenia risk'.
Although we have not discussed epigenetic findings from peripheral blood DNA in any detail, this does not imply that such studies cannot be useful in schizophrenia research. Indeed, recent evidence has demonstrated that diseaseassociated differences in DNA methyl ation can be detected in peripheral blood DNA in monozygotic twins discordant for schizophrenia [72] . Some intriguing reports have been based on peripheral blood [73] [74] [75] , and forthcoming research of this kind might advance our understanding of epigenetic changes in schizophrenia.
One-carbon metabolism as a plausible pathway
n Folate & DNA methylation Many nutrients have been shown to modulate epigenetic patterns including components of the one-carbon metabolism, as well as retinoic acid, poly phenols, resveratrol and other food components [76] . We have chosen to focus on one-carbon meta bolism as a highly relevant exemplar in regard to schizophrenia and prenatal nutrition (Figure 2) . As noted earlier, this metabolic pathway is integral to DNA methylation because it provides the methyl donors required for methyl ation of cytosine nucleotides. Furthermore, among the micronutrients that have been hypothesized to link prenatal nutrition with offspring schizophrenia, most, although not all, play important roles in one-carbon metabolism, notably, choline, vitamin B 12 and folate (vitamin B 9 ) [11, 12, 24, 27] .
It is possible that deficiency of such micronutrients at critical points of neurodevelopment, including in the prenatal period, may lead to alterations in gene expression that could have adverse downstream effects on health, including mental health and schizophrenia. We examine the human literature that may support such a hypothesis, with particular reference to folate, incorporating evidence for the role of folate on potentially intermediate neurodevelopmental phenotypes, as well as schizophrenia.
n Folate, one-carbon metabolism & neurodevelopmental phenotypes The extent to which folate and wider one-carbon metabolism provide a mechanistic pathway linking adverse nutrition to psychosis is yet to be established. There are, however, indirect clues that folate availability during critical periods of brain development, including prenatally, can alter neurodevelopment in offspring. Interestingly, some of these impairments have also been shown to be associated with later psychosis risk. For example, prenatal maternal folate reduces the risk of NTDs in offspring by between 50 and 75% with adequate future science group and timely prenatal maternal folic acid supplementation [77] [78] [79] [80] [81] [82] [83] [84] . The risk of NTDs also appears to be elevated amongst offspring of mothers exposed to the folate antagonist val proate (VPA) during pregnancy [85] , used as an anti convulsant in the treatment of epilepsy and bipolar disorder, which can cause folate deficiency [80] as a result of reduced methionine adenosyltransferase activity and plasma vitamin B 6 levels [81] . Other types of congenital malformations have been associated with up to twice the risk of schizo phrenia spectrum disorders [82, 83] . NTDs and schizophrenia appear to have overlapping epidemiological facets [84] , raising the possibility that they share a common etiological ante cedent, such as pre natal maternal folate deprivation. These malformations may reflect 'hard' evidence of abnormal prenatal neurodevelopment associated with a range of functional impairments early in life [83] .
Such functional impairments appear to be associated with prenatal maternal folate consumption. For example, recently published data from a large pregnancy/birth cohort suggest a lower risk of severe language delay in offspring of mothers who took periconceptional folic acid supplementation [45] , while data from the Mysore Parthenon birth cohort in south India indicate that children exposed to higher concentrations of folate during pregnancy had better cognitive function at age 9-10 years old [44] . Finally, greater cognitive impairment has been reported in offspring at age 3 years exposed in utero to VPA [86] , compared with offspring exposed to other antiepileptics or unexposed controls. Interestingly, similar observations were not independently identified for either vitamin B 12 or homocysteine in the same study, two further micronutrients important in one-carbon metabolism (Figure 2) . We know that many of these neurodevelopmental delays in infancy or early childhood are associated with an increased risk of schizophrenia spectrum disorders later in life [87] [88] [89] [90] [91] [92] [93] . Such impairments are for the most part subtle, and therefore have low positive predictive value; most people within this range will not go onto to develop schizophrenia.
Further indirect evidence to support a role for folate in neurodevelopment comes from one study which observed that perinatal folate supple mentation was associated with a reduced risk of autism in offspring [94] . There are also reports that in utero exposure to the folate antagonist VPA is associated with increased risk of autism in offspring [95, 96] .
To date, no prospective pregnancy cohort has been able to directly examine the relationship between periconceptional maternal folate and later schizophrenia risk in offspring, largely due to the large numbers required to study psychoses, long lag between exposure and outcome, and the requirement for prospectively collected, accurate data on very early prenatal exposure. A few large ongoing pregnancy cohorts, however, have the necessary data from early pregnancy, are following the children, and will very soon be able to examine adolescents for schizophrenialike symptoms and then young adults for diagnoses (e.g., [97] ). A few previous smaller studies have examined hypotheses pertaining to later periods of gestation. One study using a nested case-control design in the Child Health and Development Study birth cohort, reported an increased risk of schizophrenia in the offspring of mothers whose maternal serum had elevated levels of homo cysteine, a potential, although not conclusive, marker of low folate status, in the third trimester of pregnancy [42] . Data from the ALSPAC birth cohort study was used to investigate the association between psychotic-like symptoms at age 12 years and maternal folate status measured at week 18, but found no evidence to support this hypothesis [98] . As yet, no studies have used innovative method ological approaches, which will be required to determine the causal role of epigenetic changes in any relationship between prenatal nutrition and psychosis. We discuss some of these approaches in the next section. We note that the approach we propose can be used not only in large pregnancy cohorts, but also in other designs, because it involves two steps, and it is not strictly necessary for the two steps to be conducted within the same large cohort. The dynamic nature of epigenetic variation poses challenges; an epigenetic change induced in utero may not necessarily need to persist across the life course to precipitate adult-onset disease, it may merely set in motion a chain of biological events that culminate in schizophrenia. This chain of events may include early neurodevelopmental pathologies that act as a key intermediate phenotype prompted by epigenetic changes induced in utero. Approaches that can delineate the temporal association of epigenetic change with the development of the adult phenotype are required. These may include the ana lysis of longitudinal cohort studies [97, 99] , or more realistically, synthesized life course studies (i.e., drawn from several cohorts of different age brackets) [100] , which focus upon the respective steps in the pathway depicted in Figure 1 in turn. Experimental approaches can include the use of animal models, including intervention studies [101] , permitting time course experiments and tissue-specific analyses of both epigenetic patterns and gene expression. In vitro approaches using cultured human tissues or cell lines can also provide useful tools when focusing on specific mechanistic issues, for example, the relationship between DNA methylation and gene expression at a specific locus following controlled exposure to a particular nutrient [102] .
n Novel epidemiological approaches to strengthen causal inference A novel method that has the potential to improve our understanding of the role of epigenetic processes in mediating the effect of prenatal nutrition on later risk of schizophrenia is based upon a method that has been popularized in the ana lysis of causal relationships in observational epidemiology known as Mendelian randomization (MR). The MR approach (described in detail elsewhere [103] ) uses one or more genetic variants as proxies for an environmentally modifiable exposure (including diet) to establish whether an exposure is causally related to disease [103] . This approach offers major advantages because the utilization of genetic variants as proxies for environmentally modifiable exposures allows the problematic issues of confounding, reverse causation and measurement error to be circumvented [104] . In addition, genetic variants reflect long-term, life-long levels of exposure as opposed to the snapshot measure often acquired in exposure measurement.
The application of the MR approach to interrogate the relationship between prenatal folate nutrition and schizophrenia risk is outlined in Figure 3 . Maternal MTHFR genotype is used as a proxy of reduced availability of in utero folate (or more specifically elevated homocysteine) [105] , and the relationship with schizophrenia assessed. This basic MR principle has been applied in the interrogation of the association between offspring NTD risk and maternal MTHFR genotype [104] . Step 1
Step 2 future science group MR can be further developed to assess the potential mediating role of DNA methylation [106] , in an approach we term 'two-step epigenetic MR' [107] (Figures 4 & 5) . The two-step epigenetic MR approach first uses a genetic proxy for the exposure of interest to assess the relationship between exposure and DNA methylation. A second step then utilizes a genetic proxy for DNA methylation to interrogate the causal relationship between DNA methylation and outcome. This approach can be applied to assess whether the effect of in utero exposures on offspring outcomes are mediated by DNA methylation, using maternal genotype as a proxy for maternal exposure in the first step (folate and one-carbon pathway intermediates) and offspring genotype as a proxy for DNA methylation in the second step (a neurodevelopmental outcome or schizophrenia).
This method is founded upon the well-established framework of MR, which now has an extensive literature attesting its application [108] . There are, however, as yet few examples of twostep epigenetic MR other than its use in interrogating causality with respect to epigenetic mediation of the association between postnatal growth and childhood adiposity [109] . The method has limitations, such as the lack of availability of established proxies for DNA methylation (although these will largely be cis variants that can be explored once the differentially methylated CpG sites of interest have been identified) and the tissue specificity of DNA methylation. Strengths and weaknesses of both MR and two-step epigenetic MR approaches are detailed elsewhere [106] . This approach does, however, present a tractable method for exploring causal relationships in the context of developmental programming.
It has been suggested that schizophrenia spectrum disorders could largely be explained by epigenetic causes [7] , and that these causes are primarily stochastic in nature [110] . The two-step MR approach we outline here would be able to test such a hypothesis, given that under such a scenario one would still expect a proportion of cases to occur as a result of nonstochastic processes, such as via genes which modify methylation status or environmental exposures which do the same. Because such factors would mimic the underlying stochastic epigenetic causes hypothesized to lead to schizophrenia, the two-step epigenetic MR approach could be used to verify this hypothesis.
MR-based approaches are not the only tool for strengthening causal inference when considering intrauterine influences on offspring health. A number of other epidemiological approaches can be applied, including the comparison of siblings discordant for maternal exposures, such as use of folic acid supplements [111, 112] or the comparison of paternal and maternal exposures with offspring outcomes [99, 100] . In the latter design, similar effect sizes for maternal and paternal exposure would detract from the evidence regarding a putative intrauterine effect [113] . Additional strategies, such as the comparison of cohorts with markedly different confounding structures [114] , or the use of ecological studies comparing disease incidence before or after a particular intervention (such as folate fortification), could be applied, with DNA methylation in offspring being considered as an intermediate phenotype. In summary, both conventional and recently developed epidemiological approaches have the potential to make a major contribution Step 1
Step 2 Figure 5 . Two-step epigenetic Mendelian randomization applied to prenatal nutrition and schizophrenia risk. (A) In step 1, maternal MTHFR 677C>T (rs1801133) genotype acts as a proxy for prenatal folate/homocysteine influences on fetal DNA methylation. MTHFR genotype will only influence DNA methylation if folate/ homocysteine is causally related to methylation levels at the locus (CpG) studied. (B) In step 2, a separate genetic variant that correlates with offspring DNA methylation levels (commonly a cis variant in close proximity to the CpG site being measured) is utilized. The offspring genotype will only be associated with schizophrenia if the relationship between DNA methylation and schizophrenia is causal. U: Unmeasured confounders.
future science group
Prenatal nutrition, epigenetics & schizophrenia PersPective to understanding the causal role of epigenetic mechanisms in mediating the effect of in utero exposures on later health [115] .
Conclusion
Post-mortem human studies have revealed differences in DNA methylation patterns in the brains of people with schizophrenia and controls. Other studies in human populations have shown that prenatal maternal nutrition deprivation is linked with a range of neurodevelopmental abnor malities in offspring, including schizophrenia and some of its antecedents, such as language delay and cognitive and social
Executive summary
Background Prenatal nutrition is hypothesized to be linked to increased offspring schizophrenia risk via epigenetic processes, such as DNA methylation. Epigenetic processes include various mechanisms that influence chromatin structure and gene expression, such as DNA methylation, histone modifications and chromatin remodeling. 
One-carbon metabolism as a plausible pathway
Folate & DNA methylation -One-carbon metabolism is essential for normal DNA methylation.
-DNA methylation is dependent on a number of key essential nutrients, including folate. Folate, one-carbon metabolism & neurodevelopmental phenotypes -Periconceptional folate supplementation reduces the risk of neural tube defects, and has been associated with a reduced risk of language delay and cognitive impairments in offspring, known antecedents of schizophrenia. -No direct link between folate availability and schizophrenia has yet been tested. It is difficult to study in conventional epidemiological frameworks, owing to sample size requirements, biological sample requirements, the need for extensive control for confounders and long length of follow-up.
Establishing the causal role of epigenetic factors as mediators of the influence of prenatal nutrition on schizophrenia risk
Temporal relationships and conventional epidemiological & experimental approaches -The dynamic nature of epigenetic variation poses challenges, as in utero epigenetic changes which lead to adverse neurodevelopmental outcomes need not persist over the life course. Novel epidemiological approaches to strengthen causal inference -We propose a novel technique using a two-step Mendelian randomizaton approach to establish whether DNA methylation is associated with the exposure and outcome of interest. -The approach utilizes one or more genetic variants as proxies for an environmentally modifiable exposure (including diet) to establish whether an exposure is causally related to disease. -The two-step approach first tests whether the genetic proxy for an environmental exposure is associated with DNA methylation, then whether a genetic proxy for DNA methylation is associated with outcome of interest. -The approach offers advantages in balancing (unmeasured) confounders, reverse causation and measurement error, but is in its infancy and problems of large sample sizes and other statistical/genetic issues (such as population stratification, pleiotropy or linkage disequilibrium) are not eliminated.
Conclusion
There is growing evidence from different perspectives that prenatal maternal nutrition may be associated with increased risk of schizophrenia in offspring mediated by epigenetic modifications. Novel methodological approaches are required to test this.
future science group impairment. There is strong animal evidence and some human evidence to support the possibility that adverse prenatal nutrition can lead to epigenetic changes for some offspring phenotypes, putatively via one-carbon metabolism. We have suggested a novel epidemio logical methodology, utilizing a two-step epi genetic MR approach, which can be employed to test whether DNA methylation changes following prenatal maternal exposure to adverse nutritional environments may be induced in this way to increase the risk of complex disorders such as schizophrenia in offspring.
Future perspective
Several risk factors for schizophrenia and other psychoses appear to occur early in life, including in the prenatal period. Putative exposures include nutritional deprivation, as discussed here, infections, such as maternal influenza or toxo plasmosis, and a range of early adverse social traumas. To elucidate the pathways through which exposure to these factors may increase schizophrenia risk in offspring requires sophisticated study designs to overcome some significant challenges. With particular regard to the present hypothesis, we will need to employ novel methodologies cap able of prospectively measuring exposure status (maternal prenatal nutrition relevant to one-carbon metabolism), epigenetic markers (in blood or brain, global or gene-specific) and outcomes in offspring (i.e., schizophrenia) several decades later. Conventional epidemiological approaches would need to be prospective, extremely large, long (several decades) and measure a wide range of possible confounding factors, both genetic and environmental. Such studies will be feasible only in a limited number of large pregnancy/birth cohorts with a rich array of biological as well as follow-up data. We have presented one alternative possibility, using a two-step epigenetic Mendelian randomization approach to establish associations between exposure, DNA methylation and outcome in a framework that can offer some balance for confounders and potentially strengthens causal inference. While we anticipate psychiatric studies will begin to utilize this technique in the coming years, we also note that it is not without limitations [106] , including the need for large sample sizes and some notable statistical genetic issues; thus, we see this field as a growing area both for theoretical and empirical research. 
